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ABsTRAcr 

Thc intermediate-wavelength geoid (A - #)oo km) and sea-fbor topography fields in the central 
Pacific Ocean have been studied in terms of static and dynamic compensation models. Topographic 
fcatures on the sea-floor with As lo00 km haw been found to be wmpcnsatcd both regionally, by thc 
elastic strength of the lithosphere, and locally, by displacing mantle material to reach isostatic 
adjustment. The larger-scale sea-floor topography and the corresponding gcoid anomalies with X - 
uloo km cannot be explained by either local or regional .compensation. The topography and thc 
resulting geoid anomaly at this wavelength have becn modeled by considering the dynamic eflccts 
arising from Viscous stresses in a layer of fluid with a highly temperature-dependent viscosity for thc 
cases of i) surface cooling, and ii) basal heating In this model, the mechanical properties of the elastic 
part of the lithosphere have been taken into account by considering an activation energy of about 52fl 
kJ/mol in the Arrhenius law for the viscosity.~ume&al’predictions of the topography, total gcoid 
anomaly, and admittance have been obtained, and the results show that the thermal perturbation in thc 
layer, which accounts for the m a s  dcficit, must bc located dose to the surface to  compensate thc 
gravitational effea of the surface deformation. For the case of basal heat-ing, the temperature 
dependence of viscosity results in a separation of the upper, quasi-rigid lid from the lower mobile fluid, 
hen= inhibiting the development of a compensating thermal perturbation at shallow depths. The 
results dearly d e  out smaII-scale, upper-mantle c o n d o n  as the source of these anomalies. Instcad, 
the gcophysical obsenrables can be well expl&d by a shallow, transient thermal perturbation. 

INTRODUCTION 

Satellite radar altimetry has yielded a very accurate determination of the gravity and gcoid anomaly 
ficlds over the occans [e.& Mash et aL, 1986). Because a gravity anomaly is an indicator of anomalous 
mass in a ‘@on, such information may also be obtained from a geoid anomaly, which is sZmply the 
equipotential surface produced by that anomalous mass. The geoid anomaly field has bcen studied to 
yicld geophysical information ranging &om the thermal evolution of the d c  lithwpherc [e.& 
Parsons & Scfa~er, l9?7J, the mechanical propcnies of the oceanic lithosphere [eg., Watts d d, 19801, 
mantle rheology at subduction zones [Haw, Richan& & Ham, 19&4), to the mode of convedion 
in thc upper mantle [ h f . . e ,  rSn; P m m  & D e ,  1983, Buck & Pamtmtier, 1986, Hinojosa, 19861. 
This paper focuses on the high degrec and order (rJn >l2,12) geoid field and the corresponding sea- 
floor topography in the central Pacific Occan. The geoid anomaly field is characterized by east-wcst 
trcnding bands of alternating highs and lows with an amplitude of about 2 to 3 meters and wavclen@hs 
of about 2OOO-3ooo lun in the north-south direction. It has been suggested that perhaps shallow, 
small-scale mantle convection may bc responsible for these anomalies [e.& Richter & P m t m ~ ,  1WZ 
AInrrlt & Maah, 1976; McRhzie et u&, 1980J. However, it is important to determine what portion of 
thc intermediate-scale geoid signal is produced by surface loads on the sea-floor before attempting to 
assxiate the total signal with upper-mantle dynamic effects. The elastic part of the oceanic lithosphcrc 
is capable of supporting short-wavelength features on the sea-fbor because of its mechanical strength if 

(NBSA-C€i-185458) DYNAHIC C O M P E N S A T I O N  IN NB9-26330 
THE CENTRAL PACIFIC OCEAN [Johns Hopkins 
Univ . )  57 p CSCL 08C 

Unclas  
G3/48 0219577 



I 

I - 2 -  

t h c  lithosphere has cooled suficiently. .On the other hand, if the  lithosphere is rclarively young and 
w a k ,  fcatures on the sea-floor will adjust isostatically. These two lithospheric responses c a n  Ix: 
iiiotlclcd and cornpared with observations of the ratio of the geoid and the sea-floor topography i n  thc 
wviwenumber domain, Le., the admitiance [e.g., McKenzie & Bowiri, 19761. We have compared tlic 
olwxvcd admittance with model admittance functions representing both regional compcnsation 
(flexure) and local compensation (Airy) to determine what part of the geoid signal results from 
topographic features loading the surfacc of the lithosphere. Once the signal associated with surfacc 
lithospheric loading has been identified, the signal arising from sub-lithospheric dynamic effects can bc 
isolated and treated separately. The approach that wc have used on the 'dynamic' signal has been to 
consider upper-mantle fluid motions as giving rise to the sea-floor ddormation and the associated 
geoid anomaly. 

BACKGROUND 

Scnlcs of flie Geoid Anonralicr 

Thc surface representing the geoid anomaly field is composed of features of many length scales 
(Figurc 1). Because the gravitational potential decreases with distance from the source (away-from- 
thc-source continuation), the large-scale features most likely represent very deep sourccs, whereas thc 
short-scale features represent near-surface sources. Runcom [1%3,l964] interpreted the loogest- 
wavelength features of the geoid in tcrms of sublithaspheric strcsses p r o d u d  by convection currents 
in (he mantle. Slightly shorter-wavelength features of the geoid hart been correlated with thc 
subduction of a cold lithospheric slab [Cnase, 1979, oough &Judy, 1980; McAdoo, 1981; Chapman & 
Tahvaiii, 1982; Watts & Talwani, 197% Grow & Bowin, l975]. Even shorter-wavelength features than 
those associated with the subducted slabs have been used to infu the mechanical and thermal 
structures of the oceanic lithosphere. The study of these geoid anomalies across fracture zooes 
[Detn'ck, 1981; S a n d d l  & Schubot, 1982; Cozuraw d aL, 19821 provided information that d i s t inykha  
bctwccn the thermal boundary layer model [Tim& & oxbug, 19671 and the thermal plate model 
[McKetrzie, 1%7] for the oceanic lithapher& with the data favoring the plate model. The shortest- 
wavelength features of the geoid provide information relating to tbe mode of compensation of 
individual seamounts and oceanic islands [eg., Wum d d, 1980J. 'Ibis resulted in an oceanic 
lithosphere model with an effective clastic thicknus that increases with increasing age of the 
lithosphere. 

nre Elastic Lithosphcn 

Geoid anomalies are the result of surface and/or subsurface density llrornalig but the amplitude 
and wavelength of the anomaly can be affedd by tbe mechanical proputics of the oceanic lithosphere. 
The mechanical behavior of the lithosphere has been cxfensivcly modeled Using a thin elastic platc 
approximation [Harby et aL, 1976; M a e  & Bowin, 1976; €'mons & Mdnar, 1976; Sleep & SrtcII. 
197R McAdoo et al., 1978; McNun & M e n d ,  1m McNutt & Ponku, 1978; McNun, 19841. The clastic 
lithosphere, whose thickness is only a fraction of the thermal lithospbue, is defmcd by the dcpth to 
which elastic stress can be supported. Laboratory studies of minerals at high temperature and pressurc 
yicld the minimum temperature at wbich significant stress relaxation oaurs. Below this temperature, 
thc  mineral behaves more as an clastic solid than a Viscous fluid. Because olivine is the primary 
mineral in the mantle, such studics yield minimum temperatures of 47s"C and 675°C for wet and dry 
olivine, respectively [Tutwtte & Schubul, l982J. The dcpth of these isotherms is then the elastic 
lithosphere thickness. Warn d al. [1980] found that the effective elastic thickness of the lithosphere in 
thc Pacific, determined by applying the elastic plate theory, is bounded by the 300°C and 600°C 
isothcrms of a cooling plate model 0;;gurc 2). Bccause a gvcn isotherm mwatcs downward as thc 
lithosphere loses heat through conduction, the elastic thickness increases with increasing age of thc 
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lirliospherc. Howevcr,,plate theory rcquircs a constant value of thickness at old ages. 

Scales of the Sea-fhor Deforntation 

The intermediatewavelength (u)o(r3OOO km) geoid anomalies in the central Pacific offer an 
opportunity to infer the mode of convective instability in the upper mantle. However, thcy alonc 
provide insufficient information. It is necessary to consider the deformation at the sea-floor that would 
bc produced by the convcdive stresses in the upper mantle (dynamic topography), in conjunction with 
(hc geoid anomalies. Thcsc large-scale deformations are one source of sea-floor topography in t h c  
occans. Just like the geoidal surface, the sea-floor is a surface with various scales of topography, not all 
of which are directly produced by upper-mantle convedive stresses. 

A long-wavelength source of sea-fbor topography is the sea-floor subsidence, or the systematic 
increase in the depth of the sea-floor away from a mid-oceanic ridge crest, which has been explained in 
terms of simple thermal models for the evolutioa of the d c  lithosphere [watts & Dub, 19811. Thc 
e k t s  on the sea-floor topography not due to the cooling of the Cthosphere 'can thus be isolated by 
removing from the bathymetry a surface obtained by using the depth-age rclatioa This proccdurc 
yields residual depth anomalies [Menard, E2731 which represent areas of anomalous topography not 
explained by the cooling of the oceanic lithosphere. It is thcst topographic anomalies which may 
provide useful information about convective motions in the upper mantle. However, one origin of 
topographic anomalies is regional changes in crustal thickness. There are topographic rises which arc 
associated with crustal thickening, as well as topographic depressions which are associated with a 
thinner crust. These features can be understood in terms of Airy isostatic compensation, where a 
topographic load at the sea-fkmr is compensated at depth by a root of lower density than its 
surroundings. 

Lithospliuic Gwling and Small-scale Conwciion 

The description of the thermal lithosphere as the upper, cold thermal boundary layer of Rayleigh- 
Bcnard convection in the mantle [Turco~e & oxburgh, 1%7l predicts that conductive cooling will result 
in lithospheric thickening and isostatic sea-fkmr subsidena, both effects varying linearly with the 
square root of age of the sea-fbor {Pa&er& Oldenburg, 19731. The associated heat fbw would in turn 
vary inversely with the square root of sea-fbor age. However, the data suggest that the sea-fkmr 
subsideact follows the prcdided depth-age relation only to ages of about 80 Ma [Sclurer et uL, WS; 
Parsons & Sc&ter, 1w7], and that the heat fbw data fit the predictions to ages of about M Ma [Sdater 
& Fmnchereuu, 1970). Both the depth-age and the heat fbw-age cums flatten to a nearly asymptotic 
value for older lithospheric ages. These departures from the boundary-laycr-theory prcdidbns for 
older lithospheric ages have bccn a s a i i  to additional heat supplied at the base of thc lithosphere. A 
variety of mechanisms have been suggcstcd that may supply this heat Some of these indudt: Viscous 
heating at the tithospher~asthcnospherc boundary with age [Sdurbat d 4L, 19761, hot-spot lithospheric 
reheating [Hecrrond & trough, ml], and small-scale convection in the upper mantle, with horizontal 
dimensions much smaller than the dimensions of the plates thtmselvts. [Mer ,  m, Richter & 
Panoru, 1975; McKmzie & W&, 1975; Mrer & Dab, l.9781. The high Ray*-number laboratory 
expcriments of Richter & Pmm (1975) have shown that c o n d v e  motions can OCCUT at several 
horizontal scales. Further, they s h d  that the resulting ncar-surfact convectivC motions were in thc 
form of rolls with axes oriented parallel to the d i r e ion  of motion of a moving upper boundary. 
Pmons & M c k u i e  [I%%] argued that the time required for the formation of these convcctivc rolls 
might be too long, except for the fastest-moving plates, such as thc Pacific plate. 

The depth of mantle convection has been a topic of much debate for some time now. The two 
opposing Views presently held are that 1) thermal convedion is shallow, and is confined to the upper 
700 krn of the mantle reg., M c W e  et ul., 1!274]; and 2) thermal c o n d o n  is dcep and extends 
through the entire depth of the mantle [e& Damk, 19n; E&asser d al., 1979J. Much work has been 
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done recently on  determining whether or not a second scale of convection exists in the mantle [e.g., 
Parsorts & McKerrzie, 1978; Yum d ai.; 1981; Jaupati & Panom, 1985; Yuen & Fieitout, 1984; Buck & 
Paniterrtier, 1986, Hinojosa, 19861. The primary concern of most of these studies was to understand thc  
conditions under which the cold thqrmal boundary layer will become unstable. The results of each 
study depend on the rheology of the convecting layer. P a m m  & M c M e  [1978] treated a constant 
viscosity layer and found that the onsct of the boundary layer instability coinades with the time at 
which the departure from the depth-age curvc is observed. Yuen et ui. [1981] found that if the influcncc 
of tcmperature on viscoSity is considered, fast growth rates of the instabilities can be seen if the uppcr- 
mantle viscosity is of the order of ld3 Poise. However, this value for the h i t y  is inconsistent w i t h  
[hc post-glacial rebound value of Id? Po'k [Catlrlcr, 19751. Raising the mean Viscosity of the upper 
mantle has the effect of inhibiting the instabilities. Iuupati & Parsons [198sj considered a depth- 
dependent viscosity, and found their results consistent with the departure of tbc depth-age data for thc 
sea-floor. But their model did not allow for the variation of viscoSity with temperature, as should be 
t hc  case for a thermally-activated creep proctss in the mantle. They f d  tbc profile to be a 
function of depth only, which results in a la& of interaction between the dmloping temperature field 
and the fluid flow. Yuen & FIeitout (19841 considered the effects of both temperature and pressure on 
the viscosity, and found that the instabilities can occur for mean upper-mantle viscosities of the order 
of ldz Po'k, but that the growth rate peaks at young ages (40 Ma), and dcatascs thereafter with 
time, just the opposite effect of what is thought to explain the depth-age crrm flattening in the first 
place. Wick & Pannmtier (1986) studied the development of small-scale instabilities under a young 
lithosphere b c i i  cooled from above by using a two-dimensional numerical model which indudcs a 
temperature- and pressuredependent viscoSity. Their goal was to explain the existence of short and 
fairly uniform wavelength (~200 km) gravity anomalies in the central east Padfic observed by H d y  & 
lVcisseI[1986]. T h e  anomalies are said to persist to crustal ages of 50 Ma. Buck & Parmentier find 
that the dominant wavelength of the predicted gravity anomalies increases from about 80 km after 2 
Ma to 200 km after only 10 Ma, and that the amplitude of the predicted anomalies is dose to that of 
the observed anomalies if flexural damping by the lithosphere f neglected. Howcvtr, as their 
calculations continue to evolve in time, the vertical and horizontal length d e s  of the convection cells 
also increasc with time. They do not explicitly mention just what wwckqth is reached as the 
calculation is carried out in time. 

The presence of such small-scale convection in the upper mantle would produce lateral density 
heterogeneities which should be reflected in the gravity field. Mash & Mia& (l976] fvst noticed an 
east-west pattern in the gravity field of the central Pacific ocean with 8 d - s o u t h  wwckngth Of 
about #xK) kilometers after examining the PGS-110 freeair gravity anomaly map relative to the dcgrcc: 
and order 12 field model. They pro& that this pattern might be reprtstntacm * ofasecoadscaleof 
convective motions c0nfime.d to the upper mantle.. This same pattern can be t t ~ l  in the gooid anomaly 
map of Fwe 3. This frgurc shows the residual p i d  anomalies after removing the Goddard Earth 
Model (GEM) 10B gravimetric geoid field model (Led  d ut., l982], up to &grcc and order l2, from 
the full SEASAT geoid. This map contains geoid anomalies with wavelengths shorter than about 3300 
km. Thegwidhighsareinwhiteandthegcoidlowsareingray,witha~int~of2metcrs .  
The amplitudes of these anomalies are about 2 to 3 meters, and they appear to be somewhat docgated 
in the direction of plate motion, analogous to what was o b s u d  experimentally by RiChtudi Parsons 
[ lS]. A simple stability analysis led Parsuns & MkIGmzie [W8] to condpde that thermal instabilities 
could develop on the cold thermal boundary layer at ages greater than about 80 Ma, where cold 
material descends and is immediately replaced by hot material from below, with this cyde continuing as 
t h c  lithosphere continues to cool. But because the linear geoid anomalies mend towards the younger , 
sea-floor, instabilities which develop at later ages will not explain the rounger portion of the gcoid i 
anomalies. To correct for this inconsistency, McKkde et ui. [l980] p r o p o d  that instabilities on a *.; 
lowcr hot thermal boundaty layer at a depth of about 700 km would and appear below the P u n s  
sea-floor, thus producing the continuous pattern from young to old sea-floor. 

I 

i 



Alodels of Isoslatic Cor~rpuuation 

To decide on the origin of a topographic anomaly, the  mode of isostatic compensation must bc 
inferred by observing the correlation between s e a - k r  topography and geoid anomaly. The approach 
often used to accomplish this is the transfer'fundion technique, where the data are treated as timc 
serics, or spatial series. Doman di Lewis [1970,1972] first used time series techniques to analytc thc  
relationship between gravity and topography of the continental United States. Later, McKenlie d 
Bow51 [1976] applied time series analysis to gravity and bathymetry profiles in the Atlantic Occan. 
Treating the bathymetry as a discrete input signal and the gravity anomaly profde as a dlsucte output 
signal, they obtained information about the thickness of the owanic lithosphere at mid-oceanic ridges. 
Others used transfer function tcchniqucs to m e r  investigate the lithospheric properties at mid- 
oceanic ridges [e.g., codrmn, 1979, McNurt, lm, Caunove et uf., 1983); whereas the properties of the 
oceanic lithosphere at ascismic ridges have k n  studied by Wutts (19781 and Dellick & WUU [197!3]. 
The ratio of the Fourier transformed geoid anomaly data to the Fourier transformed sea-floor 
topography data is the observed admittance. The admittance represents the amplitude of the resulting 
geoid anomaly per unit amplitude of the sea-floor topography, at a given wavelength. However, thc 
observed admittance is two-dimensional and comply but the isostatic response of the earth is 
assumed to be isotropic and real Therefore, the admittance obtained from the data must be avtragcd 
in radial rings of width Ak in the wavtnumber domain. The observed admittance a n  be computed by 
using 

\\+ere N ( k )  is the geoid anomaly spectrum. H(k)  is the sea-fbor topography spectrum, denotes 
complex conjugation, and the angle brackcrs'denote radial avcragink (We used a value of Ak equal to 
twice the fundamental wavenumber in the averaging). The observed admittance can then be compared 
with model admittance functions, in the wavcnumbu domain, wbich are derived from simple models of 
isostatic compcnsatioa, the two most ohca used being Airy (local) isosbsy and flexure (regional) 
isostasy. In Airy htasy, the mantle underneath a surface load is displaced to accommodate the load. 
The Airy admittance fundion is given by 

where I' is the universal gravitational constant, is sea-water density, pc is occanic m a l  density, a,, 
is mantle density, s is the mean sea-floor depth, d is the mean oceanic crust thickncy 80 is the mean 
\due of the acceleration of gravity, and I k I is the magnitude of the wavenumber. 

In regional isostasy, the elastic part of the lithosphere, which grows with age of the sea-fbor [Wuffs 
cf UJ., 19801, can help support a load by providing M elastic restoring force, in addition to the buoyancy 
force of the low density root. The flexure admittance function is given by 
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where all of the parameters are as defined before, and D is the kxural  rigidity of the elastic 
lit hosphere defined by 

where E is Young's modulus, Y is Poisson's ratio, and T, is the cffcctive elastic thickness. Depending 
on the age of the Lithosphere, the elastic part of the lithosphere can support topographic loads smaller 
than a given wavelength called the flwcural wavelength. b d s  with wavelengths greater than thc 
flexural wavelength will not be fully supported, and will rcsult in Airy-type isostatic adjustment. Using 
a typical value of 20 km for the lithospheric elastic thickness [WU, m], the corresponding value for 
the flwcural wavelength is about 386 km. Full isostatic adjustment can be shown to occur for 
wavelengths greater than about 660 km for this value of elastic thickness. But if the lithosphere has 
essentially no strength for static surface loads of wavelengths greater than about 660 km, the same must 
hold true for dynamic strtsses of convedivc origin appIied at the .base of the Lithosphere. The 
consequence of this lack of strength is that wc can expect tbe long-wavelength sea-floor topography to 
be either Airy compensated or p r o d u d  by upper-mantle a n t d i v e  motions of the same wavelength. 
Convwscly, MY sub-lithosphuic stnss distniution of sbort wavelength (shorter than the b r a 1  
wavelength) will not be transmitted to the surface. Thus, the tlastic lithosphere ads as a low-pass filter 
of the strcss distribution at the base of the lithosphere. 

The response of the elastic lithosphere to an applied d o e  load is contained in the admittancc 
function. In the limii of 'c stmgth, the admiUana i s  thc Airy admittance fundioa For a 
finite elastic strength, the response of the lithosphere is rcghnal F m  4 shows the isostatic response 
of a zero-strength elastic plate, which results in complctc isostatic compensation for all-wavelength 
loads. The values of the physical parameters used to obtain t h e  ~ u m 5  arc Wed in Table 1. Thtsc 
c u m  give the resulting gmid anomaly (ii meters) for cyuy kilometer of sea-fkmr topography, at a 
given wavclcngth. The number next to each curvt is the dcpth of compensation in kilometers. 
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TABLE 1. Airy Model Paramctcrs 

Parameter Symbol Value 

Sea-water density & 1.025gmJ 

Oceanic crustal density pc 28oOg ma 

Mean sea-floor depth S 4668m 

Universal gravitational r 6.67 x iP d sP g-' 
constant 

Acceleration of gravity g, 980 un sa 

The isostatic response of a fite-strength elastic plate is show in Figure 5, with the physical 
parameters Listed in Table 2 The number next to each of these curves is the effective elastic plate 
thickness in kilometers. Note the response for the extreme cases of very-long and wry-short 
wavelength topography. The long-wavelength case reflects the local isostatic adjustment due to the 
bending of the elastic plate. In the short-waivelength case, the elastic pkt t  can my support the surface 
load, but the attenuation of its gravitational signal acro55 the d c  water column gives a low value 
for the admittance. In the intermediate range, the plate begins to bend while still supporting part of 
the load (regional compensation), but the gravitational s ' d  of the load is attenuated less, hence a 
larger value for the admittance. Using these ucprtssionS, one can 'extract the depth of compensation in 
the case of Airy isastasy, and an effective elastic thickness for the lithosphere which relates to its 
flexural rigidity in the case of regional compensation. 
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TABLE 2 Flexure Model Parameters 

Pararn et er Svmbol Value 

Sea-watcf density A. 1.025gUn~ 

Occanic crustal density Pe = g u n =  

Subcrustal mantle density A 3300 g a 

Mean sea-fkxw depth S 4668m 

Universal gravitational I' 6.67 x lod cm ' g'' 
constant 

Acceleration of gravity &. m o n s 3  

Poisson's ratio v 025 

Young's modulus E ldlgun-' so 

DESCRIPTION OF DATA AND m D Y A R E A  

SEASAT Geoid Anomalies 

The radar altimeter of the SEASAT sdtellitc was used to 4 the instantaneous altitude of thc 
satellite over the oceans, from which the geoid can be d k d y  derived by determining the orbital 
position of the satellite from trackiq Stations (d Fig. 1) [ M u d  d ul, 1986]. The measurements taken 
by the SEASAT altimeter COIlutd a period of 18 days from J d y 2 8  to August Is, 1978 The altimeter 
took loo0 radar mcasurtmtnts per second, which were sm& to produce values at one sccond 
intervals (corrtsponding to about 7 km along a satellite ground track), with a resulting precision of 
about 10 cm [ M m h  di Mmiin, 19821. Because thic study dcals with the intermdite-wavelcn@h 
features of the gcoid, it is ncmsary to remove the long wvckngk To achieve this, the Goddard 
Earth Model (GEM) 1OB gravhetric geoid field model [Luch d OL, 1982]. up to degree and order 12, 
has been removed h m  the full geoid (d Fig. 3). The sampling interval of the SEASAT data used is 
lo in latitude and longitude. 

SyN&QpS B & p e ~  

The data set used to derive the sea-fbor topography is the Spthctic Bathymetric Prof- System 
(SYNBAPS) values obtainad from the US. Naval oceaaographic Ofice (US.N.O.0.). Thc 
SYNBAPS bathymetry values arc not actual recorded depths, but instead are values digitized and 
gridded from bathymetric contour charts. Data are crated by interpolation where observations arc 
sparse, and regional trends are extrapolated so as to construd a continuous representation of thc 
bathymetry. The charts used were large to medium scale (kl,OOO,OOO or larger) publications of thc 
U.S.N.O.O. This procedure undoubtedly makes the high frquency data unreliable. Howevcr, sincc 
this study concentrates on the longer wavelength data, errors in the high frequencies will not affect t h c  
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rcsults. The sampling interval of the SYNBAPS data used U 1" in latitude and longitude. 

Study Area 

T h e  study area is a 3,100 la ~3,100 km region in the ctntral Pacific Ocean extending in longitudc' 
from 205" to 236O, and in latitude from - u" to 18". figure 6 shows a map that locates the study arca, 
and t h e  bathymetry appears in Figure 7. The bathymetric features in the region include the Marqucsas 
hot-spot swell at (2200,- 9"); two minor basins at (2130,- SO) and (2280,- SO); minor rises at (W,oO) 
and (2uP,3"); a plateau at (=,14"); a depression at (U>P,14O); plus a number of major fracturc 
zones being nearly equidistant with a separation of about lo00 km, and running in a nearly east-west 
direction. The age off-scts of the major fracture zones can bc Seen in Fwe 4 which shows the age of 
the sea-floor in Ma. "hiis map was obtained by digithhg the age map of Pimun el 01. [ 19741. It can bc 
seen that the average age off-set across these fracture zones is about 10 Ma, and that the age of the 
sea-floor increases westwardly from about 30 to 90 Ma in the study area. 

The depression at (207O,14O) seems to be associaled with the fl*me of the lithosphere due to thc 
Hawaiian swell, whereas the risc at (2090,OO) seems to be an extension of the Line Islands. To a 
certain degree, thcsc features are all rekctcd in the high degree and order geoid (6. fig. 3). 

RESULTS 

Spectral AnaIysis 

Ordinarily, both geoid anomalies and bathymetry are C O K C C ~ ~ ~  for the subsidence of the oceanic 
lithosphere due to cooling (thermal isosbsy). &cause a cooling half-space model predicts thc 
observed subsidence in sea-fbor depth, this corredioll k made by applying a relation in which the 
depth of the sea-floor incrtases with the square root of the age of tbe sea-floor [Pmom & ScJufer, 
19771. On the other hand, the geoid anomafy varies linearly with the age of the sca-fbor at a rate of 
about 0.16 m/Ma if the cooling half-space is used [ H d y  & Twtone, 19781. Thesc operations arc 
equivalent to removing the trend fiom tht data. But, because the lower harmonics (1,m <U,U) haw 
been removed from the geoid anomaly field, it is not dear that removal of the depth-age relation from 
thc bathymetry will result in a field that can be directly compared with the geoid. To avoid this 
ambiguity, each data sct was prcparcd as fdlaws 

(i) The shortest wavelengths were r u n d  by smoothing in the space domain. This operation is 
neccsary to satisfy the sampling thunwn keg., BJouqfikfd, 19761; 

(ii) A mean depth of 4668 meten was runoved from the bathym- 
(ui) The bathymetry was passed through a Gaussian f&cr of the form 

where I kl is the magnitude of the wavenumber, and B is the half-width of the Gaussian fdter. A valuc 
of /3 = lo00 km was used to low-pass fJtu the bathymetry, which was thea removed from the full 
bathymetry, thus yielding the 'sea-fbor topography used in this study (Figure 9). To reduce leakage, 
thc borders of both data sets (10% of the data on each border) were cosine-tapered before taking thc 
two-dimensional discrete Fourier transform. To obtain the 'mstatic rcsponsc of the lithosphere, it is 

I 
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assumed that the 

The average estimate of the admittance between the geoid anomaly field and the sea-floor 
topography field was calculated as described above, and is shown in Figure 10, togethcr with onc 
standard deviaiioo uncertainties. To see whether the admittance is in fact real valued, the  phase of tllc 
admittance was calculated by using 

4(k) = Tan *' p2g-1 

F p r c  11 shows the phase spedrum of the admittance. For wavelengths shorter than about 1700 krn, 
the  phase is dose to zero, and the admittance can be considered to be real. 

Another quantity that is of importance is the coherence. The coherence is a measure of the fraction . 
of the observed geoid at a given wavelength that can be dccctly related to the sea-floor topography, 
and is given by 

where all the quantities are as def ied  a& F w  l2 shows a plot of the coherence between thc 
geoid and the sea-fbor topography against wavelength The coherence is high ( > O S )  for the whole 
spectrum of wavelengths analyzed, which implies that, at a given wavelength, the geoid anomaly 
correlates positively with thc topography. 

Except for the very long wavelengths (> 1700 km), the abstrved admittance has a value of less than 
4 m/km. For the waveband betwleen about 350 and 400 km, flcxurc admittance model cums with 
elastic plate thicknesses of 1s and 23 lcm bracket the data, with a best-fithg value of 19 km. On thc 
other hand, the data in the waveband between about 400 and loo0 km are brackctted by 20 and 30 km 
flexure curvy with a best fit of 25 km ( F i e  13). The fact that there are two average values for the 
elastic thickness can be understood by recalling that the sea-fbor age in the study area varies from 
about 30 to 90 Ma, with corresponding cff& elastic plate thicknesses of 16 to 28 km, respediwly 

The values of the admittance for wavelengths shorter than about 350 km lie on an Airy admittancc 
cunc  with an average crustal thickness of about 25 km ( F i e  14). This value for the crustal thickness 
is not unreasonable in light of Debick & Wan's (19791 conclusions that some topographic features form 
on or near a ridge axis where the lithosphere is hot and relatively weak, thereby allowing an 
overthickening of the oceanic crust. As the lithosphere oools and the features move away from the 
ridge, the local compensation is Ykozen in., and the mode of isostasy will pen* showing up as a geoid 
anomaly of relatively small amplitude. It is, thus, dear that topographic features on the sea-floor with 
wavelengths shorter than about loo0 km are in isostatic equilibrium compensated both regionally and 

("urn, 19791. 

locally. 
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For wavelengths longer than about 1700 km, the observed admittance is relatively largc (about 6 to 
S m/km). Clearly, neither Airy nor regional compensation can explain the long-wavelength response ol  
thc lithosphere observed in the ccntral Pacific By keeping in mind that the concept of isostasy 
requircs essentially a dipolar distribution of mass, the fact that Zis large implies that the compensating 
m a s  anomalies for features at thcse wavelengths are deep in the lithosphere, but more likely below it. 

Those features with wavelengths between about loo0 and 1700 km are also not compensated by 
either an Airy or a flwcural mechanism, but may result from the same sub-lithospheric processes as thc 
lower-harmonic anomalies. 

Test for Reliability of the Tnucated Geoid 

It is common practice to remove the very long-waxlength features from the geoid to expose density 
heterogeneities at shallower de+ This is done by removing a field model of low degree and order 
from the full geoid [e.& Maah & Marsh, 1976; McKinrie d al., 1980, WaUs et al., 19851. However, 
Sandwell & Rutkin (EB8] attribute the geoid features with wavelengths of about 3500 km not to a 
physical source, but to lcakage effects caused by using a truncation fdter on the field model to a given 
degree and order. If this is the case, then the spcdfally-derived value for the admittance of between 
about 6 and 8 m@ at the long-wadength end of the admittance spectrum would be an over-estimatc 
of the actual admittance. To test the reliability of that estimate, the admittance of t h e - g e o i d - e C  
topography fields was calculated in the spatial domain starting with-th- tercd geoid and 
bathymetry fields. A surface of a g k n  degree was fitt remod from the full S W A T  geoid 
and bathymetry data. After removing the / n egree surface fit from both the geoid and thc 
bathymetry, the resulting fields were >point smoothed to remove the short-wavelength featurcs. 
Contour maps of the resulting geoid anomaly fields for the fm to the third degrces are shown in 
Figures 15-17. The comsponding sea-fbor topography fields did not change much from surface to 
surface, and only the topography resulting from the removal of a cubic surface is shown in Figure 18. 
A scatter plot of the fields generated by using the cubic-surface fits was produced and is shown as 

evidenced by the linearity in nucleus of data points. As with any two-dimensional data 
sets there cannot be a purccC correlation b&use of the now which is inherent in the data. This noisc 
appears on the scatter plot as a halo surrounding the linear nudeus. The correlation coetlicient 
between the two fields is about 0.66, which is significant. The admittance can be obtained from this 
plot by noting that it is &ply the slope of the linear trend. The slope of the best-fitting line is about 
75 m/ltm, a value vuy close to the sptctrally-dtrived values. From this comparison we can concludc 
that the long-wavelength admittance function has been reliably obtained, and that it reflccts a sub- 
lithospheric soura of compensation 

A mechantm which has not been discusd thus far is the dynamic support of =-floor topography 
by stresses associated with uppcr-mantle convtdivc motioar Thcst sub-lithaphcric contriiutions to 
the sea-fkmr topography and geoid anomaly fields WilI be addrtssed more ruUy in the following 
sections. 

/ 

I ear dependence of the geoid on the topography, as can be 

Dynamically SupportedAnomolicr 
We have studied the relationship between the intermediatewavelength SEASAT geoid (A c 3300 

km) and Ntered sea-fbor topography fields in the central Padfic Ocean in terms of the isostatic 
response of the lithosphere. We have found that topographic features on the sea-fbor with 
wavelengths shorter than about lo00 km are compensated both locally, and regionally by the strength 
of the elastic lithosphere Fire 13). However, the larger-scale sea-floor topography and thc 
corresponding geoid anomalies with a wavelength of about 2ooo km cannot be explained by either local 
or regional compensation, as evidenced by the large mean value of the o b s e d  admittance. Thc 
deep-seated density anomalies which must exist to compensate the long-wavelength features of the 

. .. . . .  . . .- - .- . . _ _  
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sea-Cloor are here considered to be the result of upper-mantle convcctivc flow in a layer of highly 
tcmperaturc-dependent viscous fluid with dilfercnt combinations of heating from bclow and cooling 
from above. Three cascs wcrc considered: 
1) * cooling from above with low adivatioa energies; 
2) heating from bclow with the iodusion of a low Viscosity zooe for 

mean upper-mantle visasity of 10p Poise, 
mean upper-mantle viscosity of lop Poise; 

a) 
b) 

3) cooling from above with a low ViSuKity zone and with the thermal 
perturbation localized dosc to the base of the lithosphere. 

The geophysical quantities desired for comparison with the observables are the geoid anomaly and 
the sea-floor topography, which are numerically calculated The model must be able to simultaneously 
predict a geoid anomaly with an amplitude between 2 and 3 meters, a topography amplitude between 
0.25 and 03 km, and an average admittancc of betwtcn 6 and 8 m/km, as derived both spectrally and 
spatially. Table 3.summarizes the obscnational mnstrabts which must be satisfied by the uppcr- 
mantle coovedion model. 

TABLE 3. Obsenrational Constraints w C o a v d o o  Model 

Quantity Symbol Value 

Wavelength x 2 o o o h  

Geoid NT 2 - 3 m "  

TOpoSraphY W, 0 2 5 - 0 3 h  

Admittance Z 75m/km , 

The geoid anomaly is the rcsultdpt of three contributioas i )  the effect due to the top boundauy 
deformation, hi) the effect due to the bottom boundary deformation, and fi) the effect due to the 

of thc fluid in the convtctiag layxx. The internal density anomalies arising from the thermal vamhoas 
topography is the amount of deformation of the top boundary duc to the normal stress dmiut ion  at 
the base of the lithosphere arising h m  the buoyancy dthe viscous material in the layer. 

. .  

Consider the model of the 0ccanic L'thospbcre and the ulldcrtyHg upper mantle shown in Fwe 20. 
In this model, small-scale convedive motions h a w  the fotm of rolls with axes oriented parallel to the 
diredioo of plate motion are assumed to be capable of dewdoping in a variable-viscosity, infioitc 
Prandtl number fluid. The depth of the layer is taken to be Mo km, which is approximately the depth 
at which the seismic discontinuity, b c h d 4 d w  flue to a compositional change, occurs. The 
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w;lvelcngrh of the fluid motion is rued at 2ooo km, which corresponds to the dominant wavelength in  
[hc ccntral Pacific. 

The Viscosity of the fluid throughout the layer is assumed to be a strong function of tcmpcraturc. 
varying exponentially with inverse absolute temperature, the so-called Arrhenius law. Thc dynamic 
viscosity is given as a function of absolute temperature by 

where q,, is a reference viscoSity, Q is the activation energy, and R is the universal gas constant. By 
using this form for the viscosity, a Iigh-vixOSity, quasi-rigid lid develops and evolves as the cold 
thermal boundary layer grows with time. In this lid, the velocities are vanishingly small, and thc 
circulation is confiicd to the low-viscoSity fluid below the lid. 

The thermally-activated creep of mantle rodc depends on the activation energy, Q, which is a 
measure of the sensitivity of viscosity to temperature. The higher the value of Q, the more sensitive the 
viscosity will be to any variations in temperature. To keep the viscosity in the lid from blowing up as 
the temperature approaches the upper-boundary temperature, a cut-off temperature defining a 
mechanical boundary layer is used. At temperatures M o w  this cut-off temperature, the viscosity of thc 
lid is held constant. 

The dynamic viscosity can be written as a vkaxity contrast by  expressing the viscosity at 
temperature T relative to the viscosity at the temperature of the lower boundary (7'') as follows 

As the temperature d e a w e s  fiom the l m - b o u n d a ~ ~  temperature, the visoosiry contrast iaCrwcs 
from a value of unity to a maximum value lrptdfied by the viscosity of the lid at the c u t 4  temperature. 
For heating from below, a reference visady, rko, of lop P0.k at a temperature of 1300°C will bc 
U s e d .  

The equations expressing COnSerVatiOll of mass, momuthm, and ultrgy in an infinite Prandtl 
number fluid layer with variable viscosity hm been numerically solved using the single-mode, m a n -  
Geld approximation [e& Okm, ml]. The dtvelopment of the govemiog equations can be found in 
Appendix A The cxpteSSions for the net, or total, geoid anomaly and surlace deformation resulting 
from the ConvectiVC motions have been duived in Appendix B. The solutions to Eqs. (AU)-(A16), 
subjed to the boundary and initial conditions (Eqs (A17)-(AU)), have been obtained numerically by 
using a computer code provided byDr. Petef Olson. The values of the physical parameters used arc 
given in Table 4. 
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TABLE 4. Upper-mantle Convection Parameters 

~ ~~ ~~~ 

Parameter SY;nbol Value 

Upper-mantle density A 35 g cnt 

Acceleration of gravity g, lo00 cnt s3 

Cocficient of a 3.Ox1@C1 
thermal expansion 

Thermal dWivi ty  It 8.0 x 103 cm2 5-l 

Reference Viscosity P P o i s e  

Case I 

The quantities characterizing the evolution of the flow and heat transport are shown in Fwes 
21-25 as profiles across the layer for case 1. T h e  quantities were calculated using a lower-boundary 
temperature of uooOC(Ru = 585,OOO) and a cutsff temperature of 4WC, at which point the viscosity 
contrast was fixed at 100 @e, Q = 51 kJ/mol). The adiabatic increase in temperature has been 
ignored in all of the calculations. The solutions were monitored at Fourier times of d / d 2  = 0.001 
(dotted he), 0.002 (dashed), 0.003 (dotdash), 0.004 (long dashdot), and 0.005 (dash-dotdotdot). 

In Frgure 21 the mean temperature is shown, with both the height and temperature axes 
normalized to unity. The mean temperature of the fluid in the layer remains very nearly constant, 
excxpt at points dose to the top boundary where large temperature gradients occur, representing thc 
loss of heat out of the top boundary. The temperature curvc migrates downward with time as the fluid 
continues to coot Note that the a d d o n  term in Eq. (A16a) has little effect, resulting approximately 
in the error function solution. 

figure 22 shows the Viscosity contrast across the layer, defmed as the ratio betwcen the viscoSity at 
a given point and the v'wosty at the lower-boundary temperature (which is fuccd at lop Po'= to 
conform With post-glad rebound data). Note that because the viscoSity is only a function of the mean 
temperature, the shape of the viscosity curve follows that of the mean temperature curve, but in 
reciprocal fashion, so that the visoosity contrast increases as the mean temperature decrwts. Hence, 
the Viscosity contrast profie also shows very large gradients dose to the upper boundary, with a quasi- 
rigid Lid forming on the coldest regions of the fluid. Thii lid grows with time as the fluid continues to 
cool, and is evidenced by the downward migration of the viscosity contrast cum with the, thereby 
reducing the amount of I o w - w t y  h i d  available for fluid motion to occuf. 

figure 23 shows the fluctuating temperature component with the axes scaled 85 in Frgurt 21. 
Aga-q the solution is monitored at the same times as desar'bad above. The fluauatbg temperature is 
the thermal pwturbation which provides the buoyancy to drive the fluid fbw. For this case, the 
fluctuating temperature peaks just below the thermal boundary layer, and its amplitude i n c r w t s  with 
time as it migrates downward. The downward migration of the pcak  occur^ because the growth of the 
boundary layer lowers the hot, low-viscosity material where the temperature disturbance can grow. 
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The horizontal and vertical vcocityq~ofiles appkar in Figures 24 and 25, respectively. Thc 
velocities first slowly diminish the-dly increase withi:& Note that the velocities diminish in t h c  
cold, quasi-rigid lid at the upper boundary which develops in rcsponse to cooling. If  the viscosity is 
large in this cold region, the transfer of heat will be purely by conduction, whereas below this region 
heat is transported by convection. 

Figure 26 shows the geoid components as a function of age of the sea-floor calculated using thc 
parameters as in Figures 21-25 The open triangles represent the calculated values at equal intervals of 
time. The largest component is the upper-boundary-deformation anomaly (dotted line) bccausc it is 
minimally attenuated across the water column. The smallest compooent is the lower-boundary- 
deformation anomaly (dddash line) because its effect is stroogly attenuated across the fluid layer and 
water column. This component is about 1/2% of the upper compooent, and is hencc not very 
significant. On the other hand, the thermal component (dashed line) can be seen to be more 
important. It gradually increases in magnitude due to an increase in the fluctuating temperature with 
time. The thermal component constitutes about 50% of the upper component at later timcs, but of 
opposite sign, hencc reducing the total geoid anomaly (solid line). 

The total geoid anomaly, the upper-boundary deformation, and the admittance were also calculated 
for activation energies betwccn 51 and W W/moL The reason for using low activation energies is to 
investigate the cffecf that a negligiile mechanical lid has on the derived quantities. Frgures 27 and 28 
show the total geoid and the topography as a function of age for activation energies in kl/mol of 51 
(dotted tine), 77 (dashed), 102 (dotdash), 128 (long dash-dd), and W (dash-dot-dot-dot). For thc 
lowest activation energy the Viscosity of the mechanical lid is only about two orders of magnitude larger 
than that in the core of the fluid. Hen- the normal Viscous strcss%bc rapidly transmitted to the 
surface through the thermal boundary layer. It can be scen in F w h a t  the normal'visfbus strcss 
at the surface first decreases then inaeascs in magnitude as tune mcreases. This accounts for the 
increase in both the geoid and the topography with time. As the,activation energy is increased, 
however, the viscosity of the fhid bccomcs more sensitive to the temperature variatioas, and although 
the thickness of the mechanicat lid is small, the viscosity gradient in the thermal boundary layer 
becomes very large. This increase in the gradient of the viscosity makes the velocity components 
decrease rapidly in the thermal boundary layer, thereby weakly transmitting the normal viscous stress 
to the surface. At early ages, both the geoid and the topography are slightly larger than at older ages, 
increasing with inaeasing activation energy, and decreasing to a nearly constant value at about 60 Ma. 
The higher values at caxiyages can be CJrPlained by the initiallylargc normal viscous stresses in a thin 
thermal boundary layer. As time iocreasg the thermal boundary layer thickens, the material in the 
boundary layer becomes more viscouf and the velocity gradients d e a w c .  The corresponding 
admittance for case 1 is given in F w  29. Except for the lowest advation energy calculation, the 
admittance remains nearly constant around 30 m/kq hacasing slightly with increasing advation 
energy. This value of tht admittamx is id& with that for uncompwated topography with a 
wavelength of 2ooo km. The basic reason for this is that the lowdensity compensating mass arising 
from the thermal perturbation is negIigibly small for the time scale of inter- Although the thermal 
perturbation increase with time as in F m  23, the growth rate decreases with increasing activation 
energy, and cannot therefore grow fast enough to compensate the topography. By using Eq. (2) in thc 
long-wavelength limit, an effective depth of axnpensatioa can be obtained that will saw the obstmd 
value of between 6 and 8 m/km for the admittance. The ttrectiVe depth of compensation ranges from 
about 58 to 77 lun. R e l a t k  to the thickness of the layer, thcse are shallow depths. The thermal 
perturbation is therefore localid properly, that is, at shallow depth. However, its magnitude is too 
low, as reflected in the value of the admittance. 

For the lowcst activation energy calculation, the admittance decreases with time from about 27 
m/km to about 17 m/km because the thermal perturbation, which ads  to diminish the total geoid, can 
grow at a faster rate due to the low h i q  of the mechanical lid. However, the admittance is still too 
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large. 

The case of cooling from above with relatively low adivation energies clearly cannot satisfactorily 
predict the observablcs. The location of the thermal pcrturbation is roughly correct, however, its 
magnitude is too low. 

~ 

Case 2a 

In an attempt to increase the magnitude of the thermal perturbation in the time frame of interest 
(Le., 30 to 90 Ma), heating from below was added to the model. To make the model more realistic, a 
low Viscosity zone (asthenosphere) with a temperature of l3WC extending to an initial depth of 200 
km, was also incorporated into the model Ah, the mechanical behavior of the lithosphere has bcen 
taken into account by using an adivation energy of 526 kJ/mol, and a cut-off temperature of 950°C. 
These conditions apply to both cascs 2a and 2b. 

In case 2a, the lower boundary of the fluid layer was maintained at a constant temperature of 
14WC, while the core was at an initial temperature of W C .  The reference Viscosity was ldn Poisc 
at the core temperature. F p e  30 shows the mean temperature scaled by the lower boundary 
temperature. The time sequence is the same as in the previous profiles. It can be seen that both thc 
cold and the hot thermal boundary layers increase with time. Also, the higher temperature at the LVZ 
gradually diminishes, and nearly d i p p e a r s  at a dimensionless time of 0.005 due to the large heat flux 
out of that region. This profie is reflccted in the viscoSity contrast ( F w e  31). The Viscosity in the hot 
thermal boundary layer is lower by about one order of magnitude than the Viscosity in the cell core, 
whereas the viscosity in the LVZ is about one-third that in the cell core at w l y  ages. On the other 
hand, the viscoSity increases rapidly across the cold thermal boundary layex to a value five orders of 
magnitude higher than that in the cell core. Note that the mechanical lid follows the growth of the cold 
thermal boundary layer (it is simply the downward migration of the 9WC isotherm). The thermal 
perturbation ( F i e  32) grows rapidly in the hot thermal boundary layer because the h i t y  is low, 
and migrates upward with the growing boundary layer. The existence of the hotter LVZ changes thc 
character of the thermal pcrturbation there because, as the LVZ cools, heat is transferred towards the 
surface and towards the cooler cell core, and hence the thermal perturbation is negative there (i.e., the 
material is cooler than the surroundings). Its growth, however, is slow because the Viscosity contrast 
there is low. In the steadystate casc, which has not bcen considered in this study, the negative thermal 
perturbation changes sign, increases in magnitude to roughly the magnitude of the lower perturbation, 
and resides just below the cold thermal boundary layer @ersonal communication, Dr. Peter Olson). 
The velocity components vies 33-34) inatasc rapidly with time in the low viscosity fluid in the hot 
thermal boundary layer. It is dear that mildly vigorous c o n d o n  is occurring in this case, as can be 
secn from the vertical component of the velocity. The magnitude of the dimensionless vertical velocity 
represents the Peclct number, it., the ratio of the conveck h a t  loss to the conductive heat loss 
through the fluid layer. 

The topography as a fundon of age for case 2a appears in F m  35. It can be sten to bcreasc 
with age because the convection becomes more vigorous with time, thereby increasiag the normal 
Viscous stress which deforms the surface. In Fwe 36, the geoid components are shown as a h n d i o n  
of age. The thermal contribution to the geoid (dashed lint) incrwes because the thermal perturbation 
increases With time, but its magnitude is low because the thermal perthation is buried deep in thc 
fluid layer. The total geoid (solid line) is therefore primarily due to the upperdeformation 
contriiution (dotted line). The admittance is shown in F m  37. The admittance again has a high 
value of about 30 m/km for all ages considered. Unlike the thermal perturbation in case 1 which was 
located properly but of small amplitude, the thermal perturbation in case 2a has a large amplitude but 
cannot penetrate dose to the upper boundary in the time scale considered. To sce whether the thermal 
perturbation could penetrate across the layer in a shorter t ihe scale, the viX0s;ty throughout the fluid 
layer was reduced by a factor of 10, and the temperature of the lower boundary was raised to 1500°C. 
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Case 2b 

The mean temperature and viscosity contrast profiles for case 2b are shown in figures’38-39 for thc 
ages of 28 Ma (dotted line), 58 Ma (dashed), and 88 Ma (dot-dash). These profilcs depart significantly 
from their counterparts in case 2a. The hot thermal boundary layer is thin because of the high hcat 
flux into the layer from the lower boundary. Because the Viscosity in the layer is lower by a factor of 10 
everywhere relative to case 2a, the larger fluid motions ( F i i r e s  4142) convcct heat effectively across 
the layer, and the mean temperature in the core of the cell actually increases with time (figure 38) with 
a corresponding dcacasc in the viscoSity ( F i e  39). The thermal perturbation in t h s  case (Figure 
40) slowly rises with time to below the lithosphere, and the thermal contribution to the geoid (dashed 
line, Figure 43) also inaeases in magnitude because the thermal anomaly is closer to the surface. 
However, its increase is not enough to greatly reduce the large value of the total geoid anomaly (solid 
line, Figure 43). The large convedivt velocities result in a large normal viscous stress which greatly 
deforms the surface F i e  el), and hence the total gcoid anomaly is dominated by the upper- 
deformation contribution (dotted line, Fwe 43). The admittance is shown in Figure 45. It is again 
large (about 30 m / h )  and rcfleds an uncompensated state of the topography because the thermal 
perturbation is too small, relative to the effect of the surface deformation. 

The case of heating the fluid layer from below with the viscoSity everywhere lower by a factor of 10 
results in very vigorous upper-mantle convection. The upper surface deformation and the total geoid 
anomaly are also large as a consequence of such vigorous convection. Although the thermal 
perturbation does develop close to the surfaq as is desired to compensate the topography and thus 
lower the admittance, its growth rate is not large enough to have a very significant effect on reducing 
the total geoid anomaly. Viorous convection beneath the Padfic plate must therefore be ruled out. 

G x e  3 

It has already been established here that the thermal perturbation must be shallow relative to the 
thickness of the layer, and must be of a large enough amplitude to be able to lower the value of the 
total geoid, and hence lower the admittan& By assuming (I p&m* that there is a significant initial 
thermal perturbation at a Wow depth, the total geoid anomaly, topography, and admittance were 
calculated and contoured by varying the two parametas amplitude and depth extent. It is not 
unreasonable to assume this condition in light of W ~ e  t lhkwns&j’J (l984j se’kmic 
tomographic evidence of anomalously low w a ~  vclodtics below the East PaciTc Rake, which QUI be 
attributed to anomalously high temperatures. This is case 3. 

In case 3, the fluid layer was cooled from abovc, with thc lower boundary held at a temperature of 
uooOC. The mechanical properties of the lithosphere were taken into account by u s * q  an activation 
energy of 526 U/mol, as well as mtainiq the LVZ The resulting geoid anomaly, topography, and 
admittance for this casc arc s h m  in Fmcs 46-48 at an age of about 60 Ma The hatched arcas in 
Figures 46-47 cornpond to the range of the observad values of geoid anomaly and topography, 
respectively. Them is a trade-off between the initial amplitude of the thermal perturbation and thc 
initi maximum depth atcat. If the initial amplitude is large, the perturbation necd not extend very 

O n  the other hand, if thc initial amplitude is small, the pertubation must have a wid- vertical 

hatched area corresponds to those combiitions of parameters which result in acceptable solutions. 
That is, those solutions in the hatched area satisfy simultaneously the o b s e d  geoid anomaly, 
topography, and admittance. F w  48 shows that the thermal pcrturbation must be shallow @etwccn 
about 100 and 120 lan in depth), and with an amplitude betwcea 65°C and 1WC. Figures 49-53 show 
the evolution of the temperature and velocity fields for a thermal perturbation with an initial depth 
extent of lu) km, and an initial amplitude of 78°C. The thermal perturbation (Figure 51) decays 

5b to produce the same anomaly. Fwe 48 shows the admittance in this parameter space. The 
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gradually with time. This is the ca~e for all combinations of parameters in the  hatched arca in Figure 
48. The fluid flows in response to this decaying pcrturbation, and as can be seen in figurcs 52-53. thc 
flow also decays with time, and is confined to the low Viscosity zone just below the lithosphere. The 

'geoid anomaly, topography, and admittance for this casc appcar in Eyres 54-56, rcspcdively. 
Because the thermal perturbation d a y s  with time, the fluid flow also decays with time, as well as thc 
resulting geoid anomaly and topography. The large values of the calculations at young ages seem to bc 
an artifact of the numerical model which could not be controlled. 

The results of case 3 show that a shallow transient thermal perturbation can satisfactorily explain 
the  obscrvables in the ctntral Pacific The thermal perturbation, perhaps originating deep in the 
mantle, could be brought to the surface as a thermal pulse introduced at the ridge, which gradually 
decays and eventually vanishes. However, the fmite life-time of the Pacific plate prevents verification 
of this idea at much later times. It takes about 400 Ma for a thermal perturbation to be conducted 
across a lithosphere 100 km thick. 

CONCLUSIONS 

The geophysical constraints imposed by the intermediate-wavelength gcoid anomaly, sea-floor 
topography, and admittance in the central Padfic suggest that the thermal perturbation responsible for 
these anomalies must be situated at a shallow depth compared with the thickness of the fluid layer. 
The results obtained here indicate that the thermal perturbation is sub-tithospheric, lying at a depth of 
between 100 and 120 km. McKtmie et d [1974J and Patsom & Duly j1983J have obtained rcasonablc 
agreements between predictions and observations by using a constant-Viscosity fluid layer. The reason 
for these agreements is that in an isoviscous fluid layer the heat from the interior can be transported to 
a depth close to the upper boundary because of a lack of inhibition from a highly Viscous lid. In this 
we,  the thermal perturbation, responsible for the deformation of the sea-floor and its compensation, 
can fully develop at shallow depths, and in short time scales. However, no account has been taken for 
the development of a rigid lid at the cold thermal boundary layer. In faa, the existence of a quasi-rigid 
mechanicat lid completely dictates the resulfs p r o h i b i i  any possible development of the thermal 
perturbation in the vicinity of the lithosphere,'and in the proper time scale. McKuue [lw has found 
that the admittance in a highly variablc-viscosity fluid is about one order of magnitude higher than it is 
for an 'koviscous fluid. Ah, he fmds that the predicted values for the admittance in his calculations 
are compatible with the observations of Sc&tca d uL (197SI for the North Atlantic, and Wuffs (l97q for 
the central Pacific if a sinusoidal tcmptrature variation is imposed at the top of a low-viscasity layer 
overlying a higher viscosity half-space. This supports OUT conclusion that shaIIow thermal variations are 
required to explain the o b s e d  anomalies. There appcars to be no way in which the obscrvables and 
mechanical behavior of the lithosphere can be simultaneously predicted by neglecting the temperature 
dependence of the viscosity. Hence, the main d u s i o n  emerging from this study is that organ'ucd 
small-scale convection in the upper-mantle with a dominant wavelength of about #xK) Inn cannot 
possibly exist if the temperaturedependcat ~ t u r t  of the viscusity stnrdure is considered. 
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APPENDIX A: GOVERNING EQUATIONS 

The relevant equations are those expressing the consentation of mass, momentum, and energy. IC 
the  flow is considered to be incompressible, thc equation of continuity of mass is 

v * u = o  

where u = (u,w) is the two-dimensional velocity vedor in a vertical plane ( X J )  parallel to the ridge 
aXiS. 

The equations of motion expressing conservation of momentum in a Boussinesq, infinite Prandtl 
number fluid are 

where P' is the pressure relative to the lithostatic prcssure arising from the flow, & is the density 
anomaly &;lg from the thermal variations, g is the acceleration-of-gravity vector, and r is the Viscous 
stress tensor. The second term on the right-hand side of Eq. (A2) is the buoyancy forcc per unit 
volume which drives the condon .  Using a linear quation of state, the buoyancy term becomes 
-poag(T-n, where po is the density at temperature and a is the cocfident of thermal expansion. 
The third term on the right side of Eq. (A2) is the viscous fore per Unit volume which tends to retard 
the fbw. Assuming a N e w t o h  rheology, the viscous stress tensor can be written in indidal notation 
as 

8 

where i and j can be either x or r, and q is the dynamic Vixosity whidr is here a fundion of 
temperature. Taking the curl of Eq. (A2) to eliminate the pressure term results in the vorticity 
equation given by 
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Conservation of energy is wcprcsscd by the heat transport equation. Neglcding internal heat 
generation and viscous dissipation of mechanical work, the energy equation is 

- + u . V T = @ T  aT 
a 

where T is the temperature and IC is the thermal d h i d y .  The second term on the left-hand side of 
Eq. (AS) is the convedive transport of heat, whiie the right-hand side contains the diffusion term. 

The equations of conservation of mass, momentum, and energy cannot be solved analytically 
because of the non-linearitics introduced by the variable Viscosity and the finite-amplitude convcctivc 
velocities. They can, however, be solved numerically by the use of fdte-differencc schemes, subject to 
suitable boundary and initial conditions. Even then, the computation is Likely to take a large amount of 
CPU t h e .  A major simplification can be achieved by using the single-mode, mean-field approximation 
to the two-dimensional convcdion problem at high Rayleigh and Prandtl numbers. This approximation 
has been used extensively in the past to study stellar convection [e.& Toomre d aL, 1!X2], and has also 
been applied to problems in mantle COllYeCtion for constant viscoSity by O&m [l981] and for variable 
viscosity by Yuen & Flulout [MI, among others. &atmi d aL [l!XSl have compared mean-field and 
hwwiimensional solutions and have found that the two formulations yield identical solutions for 
Rayleigh numbers close to the critical value. Increasing the Raylcigh number in- the difference 
between the two solutions, but the general trends of the fbw are still predictable. 

The mean field approximation consists of q r c s s i n g  the full temperature field in terms of a mean 
temperature, and a h d u a t b g  temperature, 4, bting expanded in terms of a Fourier series along the 
horizontal ooordinate x. Keeping only the first term in the expansion results in the single-mode 
expression of the mcan-field approximation. The temperature can thus be written as 

where k is the wavenumber of the single mode. Note that the temperature dependence of viscoSity a n  
be stnplified by assuming that the viscosity is a function only of the mean temperature profile. 

The velocity field is also expanded in a Fourier series, and with a sbgIe-modc representation thc 
equations of motion can be linearized. Let the vertical velocity, shear stress, horizontal velocity, and 
net normal strcss be given, respectively, by 
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The A's are the variable amplitudes of the penodic perturbations. By substituting Eqs. (A7) into the 
equations of continuity and motion, the following system of ordinary differential equations results 

0 0 0 k 0- 'A l -  

0 0 4k'q 1 A2 0 
k l/q 0 0 As 0 

- 

+ 

0 k2 0 0 A ,  -p,agkb 

Note that in the a h  system of equations no derivatives of the Viscosity fundon appear, thus allowing 
for a completely general treatment of viscosity Variations in the vertical. In the system Eq. (M), the 
variablesA1,A2JA3, and A ,  are explicit fundions of the vertical coordinate, and are implicit functions 
of time through the viscosity and the perturbation temperature. 

Substitution of Eqs. (A@, (A7a), and (A7c) into the heat transport equation (Eq.(As)) results in 
two equations for the mean tcmperahm and the fluctuating temperature, g;Vea, respectively, by 

- 
T = T ,  a t z = O ,  t 2 0  

T = T l  a t z = d ,  f > O  
- 

(AlOa) 

(AlOb) 
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8 = 0  u f z  = O , d ;  1 1 0  

where To > T I ,  and 

(A 1Oc) 

\ 

(Alla) 

(Allb) 

Eqs. (All) are conditions that allow for deformation of the boundaries. 

To completely specify the problem, the initial conditions must be givca It is assumed that the fluid 
is initially at a constant uniform temperature To. At time: = 0, the upper boundary is set to TI = OOC, 
as would be the case along a ridge crest. In an undisturbed layer of fluid AI = 0 = 0, and heat is 
transferred purely by conduction. The solution to Eq. (A9a) in this case is given by the error function 
solution 

where y = d - z, d is the layer depth. However, to induce the growth of only one mode of circulation, a 
periodic temperature perturbation with a wavelength equal to twice the layer depth and with an 
amplitude of 1°C is used, i.e, 

. 

where8, = 1°C. 

introducing the following dimensionless variables 
The equations governing the fluid flow and the transport of h a t  can be nondimensionalized by 
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0 0 k 0- 
O O 4k2q 1 
k i/q o o 
0 k2 0 0 

z ' = z/d 

k' = kd 

t '  = &Id2 

(T',6') = (T,B)/AT, AT = To - T I  

' A l -  - 0 

A2 0 
A~ + o 
A ,  -Rake 

L a -  

(A 143) 

(A 1411) 

(A14c) 

(A14d) 

(A14e) 

Dropping the primcs for clarity, the non-dimensional form of Eq. (A8) is 

where Ra = p,agATd3/ac is the Rayleigh number based on the temperature drop across the layer, 
and the viscosity is the reference v;scOsity. 

The mean-temperature and fluduating-temperature equations in dimensionless form are, 
resptxtively, 

Accordingly, the boundary conditions are 

- 
T = l  a r z = O .  r > O  
- 
T = O  u t z = 1 ,  r > O  

(A16a) 

(A16b) 
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8 = 0  o f z = O , l ;  1 2 0  

AI = A z = O  a f z = 0 , 1 ;  f 1 0  

and the initial conditions are 

(A17c) 

(A 17d) 

(A18a) 

(A18b) 

(A18c) 

. 
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APPENDIX B: DERIVATION OF EXPRESSIONS FOR GEOID AND TOPOGRAPHY 

In this appendix, the anomalous geoid and topography will bc derived and numerically calculatcd in 
tcrms of the quantities which characterize the flow and heat transport in a fluid layer of temperature- 
dependent viscosity. 

Consider the circulation in Figure 20. The flow is physically confined to remain within the upper 
and lower boundaries. But, bccause the Viscous shear stress is assumed to vanish at the boundaries, 
they are free to deform. To obtain the deformation of the boundaries, the equilibrium condition that 
the net normal stress vanish there must be satisfied. That is to say, 

a,(x) = 0 

But, by deftnition, 

where P (x) is the total pressure, and T=(x) is the normal Viscous stress. But, the total pressure can be 
expressed as the sum of a hydrostatic term, Po, and a perturbation term, P', which arises from the 
flow. Hence. 

P(x)  = PJX) + P '(XI 

From the choice of the z-axis, the hydrostatic pressure term can be written as 

where w(x) is the boundary deformation, and Ap is the corresponding density contrast across the 
boundary. The condition (B1) now becomes 
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The perturbation pressure can be obtained from the x-component of the equation of motion. By 
recalling the single-mode representations, Eqs. (A7), the expression for the amplitude of the boundary 
deformation becomes 

w, = - E I/ 
where 9 m d A S  are evaluated at z ' (I' = 0 at the lower boundary and I ' = 1 at the upper boundary), 
with the appropriate value for the density contrast. 

The deformation of the upper boundary is 

Model predictions of topography can then be made with Eq. (B7). 
It now remains to derive an expression for the total geoid anomaly at the sea surface arising from 

the fluid flow. Recall that the total geoid anomaly is the resultant of three contributions: i) the effect 
due to the upper boundary deformation, u) the effect due to the lower boundary deformation, and E) 
the effect due to the internal density anomalies arising from the thermal variations within the layer of 
fluid. 

(i) The amplitude of the geoid anomaly due to the upper boundary deformation is [M&mie & 
Bowin, 19761 

where w, is given by Eq. (B7) and, again, all terms are as defined before. Note that this is a positive 
contribution to the geoid. 
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(ii) The amplitude of the geoid anomaly due to the lower boundary deformation is 

Note that the density contrast across the lower boundary does not appear in Eq. (B9). However, for 
gravitational stability to OCCUT at the lower boundary, the material below must bc denser than the one 
above. And sine the deformation of the lower boundary is positive, the geoid contribution is also 
positive. 

(iii) The amplitude of the geoid anomaly produced by the thermal variations within the layer is 
obtained by fust calculating the gravitational potential at a point above a rising limb of a convection 
cell. This field point is chosen because this is where the anomaly reaches an extremum (i this case, a 
minimum). 

The general expression for the anomalous gravitational potential due to dutributed two- 
dimensional density anomalies is 

where the primed variables are the source variables, and the unprimed variables are the field variables. 
The density anomaly due to thermal variations k 

-.. 

and 

Now, by virtue of the fact that the temperature perturbation is periodic in the horizontal coordinate, 
the integration over x' can be eldendcd from -00 to +00. Evaluating the potential at the field point 
( X J )  = (0,s +d )  and noting that the cosine fundon is an even fundon, Eq. (B10) becomes 



. 

But, the integral over x '  is nothing more than the Fourier cosine transform of one over the 
denominator at a fied 2 ' .  By using Brun's formula to relate the potential to the geoid, the expression 
to evaluate for the thermal contribution to the geoid anomaly is 

where &(&) is the modified Bessel function of the second kind and zero order, r = s +d-z', and k is 
the wavenumber. (Note that this is a negative contribution to the geoid). The function K, dcawes  
rapidly with increasing argument. 

This expression can be numerically integrated by using the trapezoidal rule on the calculated 
fluctuating temperature profile at a given time, and by making a order polynomial approximation of 
the Bessel function. The total geoid anomaly is then 

e 
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Figure Captions 

Fig. 1. The SEASAT geoid relative to a reference ellipsoid defined by (I = 6378.l37 km and f = 
1/298.257 obtained from altimeter measurements. Contour interval = 2 m (Courtesy of J.G. 
Marsh, NASA, GSFC). 

Fig. 2. Elastic thickness as a function of age of the oceanic Lithosphere at the time of loading. 
The data are from Wuf& el ul. [1980]. The solid curves are the 300°C and 600°C isotherms based 
on a cooling plate model (from Watts & Dufy [1%1]). 

Fig. 3. The SEASAT geoid anomalies minus the GEM 10B (12,U) geoid field model. Contour 
interval = 2 m (Courtesy of J.G. Marsh, NASA, GSFC). 

Fig. 4. Airy model admittance curves for the values of depth of cornpensation shown next to each 
curve. 

Fig. 5. Flexure model admittance curves for the values of effective elastic plate thickness shown 
next to each curve. 

Fig. 6. Map showing the location of the study area in the central Padfic Ocean. 
Longitude: 205" to 236" 
Latitude: -13" to 18" 

Fig. 7. Contour map showing the raw bathymetry in the study area. Contour interval = 300 m. 

Fig. 8. Contour map showing the age of the sea-fbor in the study area. Several major fracture 
zones are apparent in the map. Contour interval = 10 Ma. 

Fig. 9. Contour map showing the sea-floor topography obtained by Gaussian high-pass filtering the 
bathymetry in the study area. Contour i n t d  = 100 m. 

Fig. 10. The observed admittance obtained by taking the ratio of the geoid to the topography in the 
wavenumber domain. This quantity expresses the geoid anomaly io meters for every kilometer of 
the  sea-floor topography at a given wavelength. The error bars are one-standard-deviation 
11 ncertainties. 

Fig. 11. Phase spcdrum of the observed admittana. 

Fig. 12 Coherence spccbum between geoid and topography. 

Fig. U. Comparison of the obscrved admittance spcdrum with flexure model admittance curvts 
for the values of the elastic plate thickn- shown nud to each curw. 

Fig. 14. Comparison of the observed admittance spcdrum with the Airy model admittance curve 
corresponding to a depth of compensation of 25 h. 

Fig. 15. The resultant geoid field after removing a fM degrec surface from the full geoid. Contour 
interval = 2m. 

Fig. 16. The resultant geoid field after removing a second degree surface from the full geoid. 
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Contour interval = 1 m. 

Fig. 17. The resultant geoid field after removing a third degree surface from the full geoid. 
Contour interval = 1 m. 

Fig. 18. The resultant topography field after removing a third degree surface from the bathymetry 
in Fig. 7. Contour interval = 200 m. 

Fig. 19. Scatter plot of the geoid (Fig. 17) and topography (Fig. 18). 

Fig. 20. Schematic diagram showing the model of the lithosphere and the underlying upper mantle 
with single-mode circulation in rolls oriented parallel to the diredion of plate motion. 

Fig. 21. The mean temperature profile for casc 1 in which the fluid layer is cooled horn above. The 
lower-boundary temperature is f d  at 13oooC, the Rayleigh number is 5.85 x 1$, the reference 
viscosity at T = W C  is 162 Poise, the activation energy is 51 W/mol, and the cut-off 
temperature is 450°C. The profdes were taken at Fourier times of 0.001 (dotted line), 0.002 (dashed 
line), 0.003(dotdash), 0.004 (long dashdot), 0 . a  (dashdotdotdot). 

Fig. 22. The viscosity contrast profile for case 1 as described in the caption to Fig. 21. 

Fig. 23. The fluctuating temperature profile for case 1 as described in the caption to Fig. 21. 

Fig. 24. The horizontal velocity profile for case 1 as described in the caption to Fw 21. 

Fig. 25. The vertical velocity profile for a s e  1 as described in the caption to Fs 21. 

Fig. 26. The geoid components as a fundion of age for case 1 as described in the caption to fig. 21. 
The open triangles are the calculated values. The solid line is the total geoid anomaly. The dotted 
line is the upper-boundarydeformation contnition, the dashed line is the thermal contribution, 
and the dot-dashed line is the lower-boundarydeformation contribution. 

Fig. 27. The total geoid anomaly as a fundon of age for case 1 with Merent values for the 
activation energy in U/mok 51 (dotted line), 77 (dashed), 102 (dotdash), 128 (long dashdot), and 
154 (dashdotdotdot). 

.\ 
Fig. 28. The topography as a function of age for cast 1 With the different values for the advation 
energy as d e s a i i  in the caption to Fs 27. 

Fig. 29. The admittance as a function of age for case 1 with the dif€erent values for the activation 
energy as described in the caption to Fig. 27. 

Fig. 30. The mean temperature profile for case 2a in which the fluid layer is heated from below. 
The temperature of the lower boundary is maintained at 1450°C. the Rayleigh number is 653 x Id, 
the reference viscosity at T = 1300°C is 162 Po'k, the activation energy is 526 W/moI, the cut-off 
temperature is 950"C, and the initial LVZ temperature is 1350°C adending to a depth of 200 km. 

Fig. 31. The viscosity contrast profile for casc 2a as described in the caption to Fw 30. 
Fig. 32. The fluctuating temperature profile for case 2a as described in the caption to Fig. 30. 
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Fig. 33. The hori7mntaI velocity profilc for case 2a as descrikd in the caption to Fig. 30. 

Fig. 34. The vertical velocity profile for case 2a as described in the  caption to Fig. 30. 

Fig. 35. The topography as a function of age for case 2a as described in the caption to Fig. 30. 

Fig. 36. The geoid components as a function of age for case 2a as described in the caption to Fig. 
30. The solid line is the total geoid anomaly, the dotted line is the upper-boundary-deformation 
contribution, the dashed line is the thermal contribution, and the dotdashcd h e  is the lowcr- 
boundary-deformation contribution. 

Fig. 37. The admittance as a fundion of age for case 2a as dcsaibcd in the caption to Fig. 30. 

Fig. 38. The mean temperature profile for case 2b in which the fluid layer is heated from below. 
The temperature of the lower boundary is maintained at 15oo"C, the Rage*@ number is 6.75 x 106, 
the reference viscoSity at T = 1300°C is lop Po;Se, the advation energy is 526 kJ/mol, the cut-off 
temperature is 9WC, and the initial LVZ temperature is U W C  extending to a depth of 200 km. 
The time sequence corresponds to the ages of 28 Ma (dotted line), 58 Ma (dashed), and 88 Ma .. 
(dot-dah). 

Fig. 39. The Viscosity contrast profile for case 2b as described in the caption to Fig. 38. 

Fig. 40. The fluctuating temperature profile for case 2b as described in the caption to Eg. 38. 

Fig. 41. The horizontal velocity profile for case 2b as described in the caption to Fig. 38. 

Fig. 42. The vertical velocity profile for case 2b as described in the caption to Fs 38. 

Fig. 43. The geoid components as a function of age for case 2b as described in the caption to Fs 
38. The solid line is the total geoid anomaly, the dotted line is the uppcr-boundarydeformation 
contribution, the dashed line is the themal contriiution, and the dot-dashcd line is the lower- 
boundarydeformation contriiutioa 

Fig. 44. The topography as a fuaction of age for case 2b as desaibed in the caption to F% 38. 

Fig. 45. The admittance as a function of age for case 2b as described in the caption to F% 38. 

Fig. 46. The parameter space for the p r d c t c d  geoid anomaly for casc 3 in which the fluid layer is 
cooled from above, the lower boundary temperature is f d  at W C ,  the Rayle-& number is 
5.85 x 1$, the mean v;scoS;ty at T = u0o"C is lop Po*&, the adhation energy is 526 kJ/mol, the 
cut-off temperature is SWC, and the initial LVZ temperature is 1350°C extending to a depth of 
200 km. The thermal perturbation was initially introduced extending from the surface down to a 
given depth (horizontal axis) and of a given initial amplitude (vertical axis). The hatched area 
corresponds to the range of the observed geoid anomaly. Contour interval = 1 m. 

Fig. 47. The parameter space for the predicted topography for case 3 as d m i  in the caption to 
Fig. 46. The hatched area corresponds to the range of the observed topography. Contour interval = 
0.05 km. 

Fig. 48. The parameter space for the predicted admittance for case 3 as described in the caption to 
Fig. 46. The hatched area corresponds to the range where the geoid, topography, and admittance 
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simultaneously satisfy the obscrvations. Contour interval = lm/km. 

Fig. 49. The mean temperature profile for case 3 as described in the caption to Fig. 46 and for the 
best combination of parameters as inferred from the hatched area.on Fig. 48. The initial depth of 
the thermal perturbation is 120 km, and the initial amplitude is 78°C. The profiles were taken at 
Fourier times of 0.001 (dotted line). 0.002 (dashed), 0.003 (dot-dash), 0.004 (long dash-dot), and 
0.005 (dah-dot-dot-dot). 

Fig. 50. The Viscosity contrast profile for case 3 as described in the caption to Fs 49. 

Fig. 51. The fluctuating temperature profile for case 3 as described in the caption to Fig. 49. 

Fig. 52. The horizontal velocity profile for a s e  3 as described in the caption to Fig. 49. 

Fig. 53. The vertical velocity profile for case 3 as desaibed in the caption :o Fs 49. 

Fig. 54. The geoid components as a function of age for case 3 as described in the caption to Fg 49. 
The solid line is the total geoid anomaly, the dotted line is the upper-boundarydeformation 
contribution, the dashed line is the thermai contriiution, and the dotdashed line is the lower- 
boundary-deformation contribution 

Fig. 55. The topography as a function of age for case 3 as described in the caption to Fig. 49. 

Fig. 56. The admittance as a function of age for case 3 as described in the caption to Fig. 49. 
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